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SIiMULATIO!U OF AX NFQ FUNNEL FOR HEAVY-ION HtIAMSm

F. W. (;uy and It. Il. Stokes
MS 1{817, 1AM Alamos ?dutional I.aborator,v, I.os Alumos, NM 87545

Abswtct

Use of the ma
~r

etic force ta focus and deflect heavy ion
beams is mar na at low ion velocities. Luw-emiLLnnce-

Y
Wh funne J using discrete magnetic elemen~ are

l~cult LOdesign for these beams. We show that a new ty e

y{
of radio-frequency quadruple (RFQ) funnel is especial
suitable for this application. Simulation procedures, whl -
include s me-charge and image effects, have prrxluced a

F’high-qua lty funnel design for 20-hfeV Bi +1 ions.

Introduction

gene!;tin~i~;;2;?YZ;cLAY;or’Zvy;Ii?;~Ln,?
main requirement is that matiy initial low-currenL beams be
combined inti a single, final beam. This scheme overcomes
the beam-current limitations of both ion sources and low-
velucity linear accelerators snd will pruduce a single beam
th~t can he efficiently nccelerrited w the final energy in H
sin~!e.channel RF Iinac. Tu cumbine hea.ms, a concept called
“funne!ing” has been pro

r
d. In this arrangement. pHirsof

hunched beams are com l,~ed hy Lransveme deflections so
Lhnt s sin IU collinear berm with intcrlacod bunches is
f,)rrned, ‘1’~e funneled beam is then suitsb!e for further
:1,’L”12krIlti[)ll in 8 [iIYsC L)perrlbng WILh LWICe h? frCq IJenCy Or
the IWO Initial Iinar.. that feed the funnel. Aller n suitable
m.uelerntiun. Lhis funneled beam can be combined with
;Inuther funneled beam. and after multiple funnel s~~es the
lln~l ;equired beam current cnn he (Jbtsined. [f herim IIISS

“n” “m’’l’’nce r
t)wth Hre small during ihe funneling

,Il)eratlon, Path IInn?llng st,nge rPSUl LS in nn IIutput heHm

wllh ntinrly twice the herim currerlt Hnd Lwice th:, transverse
hrlghtness, ‘1’he funnel system must include m-lcquntc
tr:lnsvrrse nnd lon~tudinal tocuwn~ tJI prcvont cmlttancc
~r!)wth durln~ the funncllng procedure.

A pnrcr hy SU)vnll, Guy, Stokrs, :Ind Wnn~lcrl
dISL. USSCS Lhu funnclinti l)f [Ii ● 1 Ions, ‘I%c uuLhors found thnt
t,ir Ill ‘ 1 Il)ns with un rncr ~ ufl}:50 ML’V A, n Iunncl duslKn
tIIul LI t)r dcvrluped usln~ dlscrcte elumunl funnelin
h’!’hnlqutis Ipermtinenl mngnet q~adruplrs nnd di IICS nn(
I{F I)un(hrrs IIIId drflrcu)rs, ) Mult.lpnrtirE 1)6111~

>~nlljlrrll(,ns SbIIWI. Ij this funni.1 tAI hrive ~Inn-i prrformrinrr.
h(,w~w,r. Illlvmpm t41 (ievvl IIp r+ I w ~lrnilt~nrp (iiw.r~le
,.1~,111{.nlfllnnel H1 lI)w Pl vner Kieswere I;nsumxwsful herHlls4,
III tho llmlu,ri muunrtlc fIIrIi SIiIK +trrn@h nvntlnhle for thr
I(,w,.r vIsIINvty hrnm~, I’hls hl~s sug~estmi thr nppllrHtl,)n III
I{FIJ Iunnrl tm-hnlqurs thnt usv rlctlrlt’ i rcrs bI I’IWUS,
II II I1OI.I.:Ind hurwh the henm,

[n the Initlnl pnpcrs hy Sti)kcs nnd MIncrho” 1
(llst.llwln~ the I{FQ Iunnrl, ttw tin] hnrus WIIS plnrrd on

riullllvllng tWII purniirl. rlIIsvlv !qmrc( hCHIIIH LIIII1 WIIUIII III.
~,r,,(lll,{,(l I)v II !WII I.h IInn ISl Itk’(/ nrrclrrnb)r ‘lshis Is sh,,wn
w 111.11111111,:111%Ill Ihr 1411)hlllrlll Fl~ I In thI I)rc,s,.nl +IIIIIV,
WI* Il; lvl, tt. 111!44,11 nni)lhrr, I)vrhtlps n}~)rv rrnlisllc,
~rr:~ll I, II IIInl wht. rv lWII w.l)lirlllt, l{ P’(/ nlvv.lvrnl~)rx I)r!!{lll(v.

f.ll~hl v l.,)tlvvr~rlil hI’III IiS Ltllit ;Irr i,t)tl~t)lt)rd ~Iv II (lifT1,rt,llL
IVIN’ IIfl{ FL/ I’llnnrl “I”hr Iunnvl Iirst l)nwldvs (irfirrtli)~l lIIIld

lIM.II\IIIKI I;)rrt,q III w.pnrnli, I{FIJ (.t)nnnrls LIIIII Iir!.il n,nkr
ltw IWII Iwnmw I.lIIw.ly wpnrvfl nnd nrnrly pnrnllrl ‘1’hrfl !!IV
I wI~ hIIIIIm vnlrr ,! I. III II IINIIII.tlIlnn(sl wh,, rv [h!. j ;Irl,

llll~,rlnl VII IImi Inndr rillllnvnr ‘1’hv nrrnnKrnlvl)l IN +IIIIWII III
Ihr It)wrr +nlt IIt FI~ I “l”hl~ rn(,dllird fIItl IIIIl IN I)nw.d III} I ho
.!ll*.rtlnLlvr 11111111,1InH pIIt4,11tIIIl lIIm 111111liIIIn(l In l{rl :1

*bb, k .),p,”nl!,.,1 l,, I ,,. \l,, l,), n \ .,11881,,11I ,,1Dmmllll#81\ l’va,~:, l,,l,
11, ,, ,8,,,,,,, I I $,,81,, 1),, ,,8, ,,,,, , .,,1 11,, I ‘i Illp,ar!l,’ltnl .,1 I 7,, 1~,
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Fig. 1. ttFQliIfInQ,ls

NFQ Funnel ‘1’erhniqucs

‘rhe roperties ,)f nn RFQ funnel Lhiit !l~ilk~ IL
fnttracuve (w usc IIS the firw Iowtwt velocit

r
funnc I :.UIKV

hsve hcen descl”ibed, ~,’ ‘[’hese roperties lnc ude the use III’
icloctmc fnrccs tu foclls and de ect the two hcnms ;Ind the

ease I)f ma!xhing betweel~ thr! R~~ llWelerIIhJr ouLp LL\ Illid
the funnel in uts, In nddition, Lhc IWQ funrwl duvul(jpmcnt

[IS fncilituted y the uctlve widcsprclld ricccpturwc IA’ the I{F(/
twre]rrnb)r from which mHIIy drsign itnd rll~il)twrin~
trrhniques cnrr he b]rrowed,

In lN)Lh the RF( funnel nnri the RFQ Iimx.lvrnh)r, 11111
t)eHm dynnmics nrri pIIle lip dvsi~ns nrr t)nsvd IIpIIn
:ipproprl HLe p)t41nlinl functl(ms, Thww p,llvnlllll fllnrtl,,f)s
snlisfy 1411plHCP’S rqunlil)rl, nnd the! htir+m (iynnrnlus IIVSIKI1+
nnd simulntlons usc L*lm%-Ic Iiulrls rirrlvvrl Irom the po[rntl:ll
t’llnrtl(m vxpreswons, In Appvnrlix A Id’ Krt ;I, un :Iltvrniltlvo
funrmll.lK p4)tcn Llnl Iuncti[)n IS hrlrlly rllscusswi I’hr I“urlnl,l

resent lnLcr IS hnsed up(m this potcnt,nl Iunrtlltn.
$iL’Xc’HRc written
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For : 0, h?tl ) .L\ ~, for J \ LV, let I ~ IIM \ !, Lhtin
.

m--l
(;=1 -llsmh~, Hnd II = [4)

\2 hll !llhn

mJ ,mh n - .I!}h e
\~ b:

Because of Lhe mirror uynune~ of Lhe .putenlinl
\function, if one pair of poles is replaced y a conducting y-z

lane, the electric fields are preserved. Figure 2, which will
!ediuusaed later, incl.des plota in the =-y$ane ;~:~~;
of RFQ funnel poles at three values ofz. In ●as p .

axis represents the position of the conducting plane. ‘Aa the
figure shows, the le modulation ia a wnuaoidal-like
displacement of ho~~oles in the vertical direction with

‘r’” Perid “
‘rhls displacement, ~getber with the

c nn~ng pulanues of Lhe two poles, produces an tivera e
Ydipule force in the x-directiun. Tk.e amplitude of the po e

displacement is a functiun uf Lhe modulauun parameter m. If

m I, ((; - 1,11 =()), Aemisnodiplefom. Ifm ~1, (GC I,
II J u), Lhen the pules are mudulat.ed and P. dipole force is
produced on a chnrged ion in the cen~al region. Also, for

a ~unching force that varies in strengrh with the x-
rip ropriaw values oft.he phase sngle O, the E, field produces

displacement of the Ions.

Numarlcal Calculation Proc.duro

The design prublem waa sddressed numerically b! a
cd

A prelirninsry%IJQ dea,gn wasrun.n PARMTE~, scodef.r
serieu of multi aticle simulations on thee com u@r c ●s.

~cnernting and runnin RF\ Q.~r+lems; 4000 particles were
~mrted at the Input of L e RF f%snsrmtted articles were

!Input lnt,u I) AR MIIA. a Iinac nnd transport ca culatwn cude
(hilt trnnsporwd them through H matching secti,)n
~,lm)prlmn~ II drift, an eleutrustatic focusing usdrupule. nnd

1,in~jlher rlnft. A randomly selectud subset u 10(.10 tirticles

&Wii= Ihen frd Inu) I. IN, h code s cinlimd for Lhlu RF funnel
I,ri,i]lrm I’ARMT’EQ Hllli &RMII,A sre smndsrd [.).
II I; IMIIS drsI~ rIuics: the I) AKMII.A venul)n thnt WP USA
il;l+ 3 1! ●pMrr (.htir~r I{ FL+ nnd nlHtihlng wu.tll)n
~)itr:!m(.to,m :ire Ilstvd In I’tlhi{, I

[ I\l{l.h, I l{F(/ JIIII Mntxhln~Svctl,)n

I.lY, Lhe nt)nrel;ltivlstit code used fur thti funnel ilseif,
transports a particle bunch through ihe slrul.ture IJf tht.
funnel by discrete, small, time steps. At each time sttp, ench

~Iq.(2). These tiel~sprwvide fucusinK, and thedi~le portion
article’s LraJeCbr ia acted upon by the electric fields {If

of K1 causes particles ta follow R curved path ns lr!dicnled in
Fig,3. Particles are also affected by space charge and
images. The 3-II space-charge effecw are calculated by
asauming each particle is a charKe cloud uf diameter
appruximabsly equal w the average Debye length in the
bunch. Space-char e electric forces acting on a particle are
aununed from al? the other particles in the bunch
(interacting cher~e clouds). The charge cloud methud
minimizes cullislunal em.ittance growth by avuiding
singuiaritiea for two clme-~gether pttrticles, lmnge chnr~e
effecw are handled dy a similar treatient wher~hy euuh
partirle sees imsgis of every pnrticle in the bunch IIS
reflec-~d in pule tipY and the ground plane. Images
sLren@en Ion “tudinal focusing and weaken trnnsvcrse
focusln ; they a so cause a shift in wajectory, Ima e efferk

7 .~, kare nut srge In this eumetry but must be im.lude t$beutiuse
uf the trajecwry shl Fur the ima~e calcu~.ltion, pole. ~ip
shapes are approximated by cylinders Lan$ent hI thr
mathemn Lically correct pule tips (the iaupotent]al surftices~,
Cylinder radius is R = a~ m, ttnd Lhe point uf tan~enuy is
x J Ri% 2. Outside a conducting cylinder, the ima~e of n
point chsrge ~enerates a pomntial at s test point that IS
given by

wherv -11= l,2m .,, =2,.)

R i~ the cvlindur rtidius,
r is the ruclius ofthe WSL p)int,
II i! Lhe r~dlus i)fthe chnr~c,
# is Lhe c Iindrluul cuordlnnte unKlv between r nnd ,,,

$J IS thr lsLsncr nll)ng thr Mxis h.. tween (’h HrgF IIIMI

Wst
r

lin L, Sfld
I nn K nre m,)dlfied Hesacl funrtl(ms Id’ thr tint nnri
.rrl~nd kind.

IMIIKL,S in thr ~round plunc nrc prints nt r(l(,rrtlfinl,’~ t
v, : II( thr lnluKc ~cncrMtln~ rhurKvs. Eluclrlr Iivlds I’1{1111

IIIIUKVS 1:1 u II .Ippn)prluk surfnrcs nrr summvd und iIp II,ILI

-It rvrrv Llllle stip. A1s41HL rv(,rv lime SW
l’”

l),:,,,, ,.,,”,.[,,;.s
,1rl{i I,tmlllrolds itrt, rnlru]lltud :Ind purllt” i’s nrr la”wlmi f,, r
,.IIllI\I,In with pt)lr hits Iirrd thv Kri)llnd plIIIIV
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Fig. 4 Partlcleo merfilnti k final amIti

~1~~1 anni~;g~ng rtre~~: The peak .urfme .Iecu,c

The& ofde’:::;:i%;- -.’l%%’%m,
enwr the funnel -t an angle of ●bout 3“ to the final axis and
urt deflecti ●round the curve b the di Ie component of

~ E&e fOilOW theEl, For the fimt p- of the unnel,
curvature uf tbe polca and ground plane. At the end uf the

firm, tixis ML nn an~le of 1.24” At this point. here iti II
round plant et 3.17 PA, be-me arr abut 1cm awey fmm ~e

dincuntinuily uf 1.24= in Lhe dope of the pdee w that the

K
Ilen nre pnmllei to ●nrh oher for tie rest ol’the funnel. The
nms are still rnubject U) the dipls cumponent of E, The

t.urvee t)f their wajectones ere langent LO the Jlrzal nxiti ML
5 IIA*I that the bemms mer e at lhntpint.

EL’ermln field pertur aunne hcve ken nmltted end art
klIeved u) he negligible: fringe fields at tbe funnel ●rids,
field ●rrom fmm the cumnture of Lbe z ●xis, bunch bunch
fields. ~nd field croon et tie ground plme vertex. As
purticles pasx the ●nd uf the ~und plane, the ima~es of tie
pok tIpe in the ground plane cwnclde witi the real pole UP
on tie other side except fur the 1,24” angle shift. Ilemuee uf
the sylllllletry t)f Lhe tentinl function, the clertric ficldrn
should IIM h .flected~ the ●ndufti. ~rrwnd plnncexccpt
~t)rthe wna,l nnglr mhi# rturhetior, whwh should rx~nd
,mly H r~ntirnc~r or m n~n~ th~ he.nrlin~ frmn LJW ●nd J
the Krnund plane. Sm~ i deflrc~un rr mm ran hr

i
,-ompenmmd b nrnnll chen~ee In V, Input steerln K, ,w
l,hHrv~?aln thr r pnt@n Llnl ,j([h~ HF ground pinnr

thmulls

Ilunrh tm rrb)rlrm arc rnh~)wn III Fi~ 3 III rrlnll,,n b) thr
[ ]h~ hunch IS bm~sh,)-nd III th~ , dtrm-ti,mground Inn-

I II IIIn K L F beam ex)e) hecnuw of the pln[ WSIOI Hunrh shtrpr
dlrnbmtum remul~nu fntm rron!lnenr r forumln~ IH nppmrrnt In
thla plot. Funnel Input (: ill nnd Iwlpui i.’ !I114) hrnrn
pnrnmrbrx nrr giv~n In “1’nhlr II ltnllt~nrrm nrr rmn.
nimnnllxed ~mlt~nrr ~rr)wth nnd pnrurlr hmnm nrr ~mnll

Figurr 2 rnhown tk 1 v pr,]JrrUlm llf Lhr hutlrh, lhr INIlr
II IN f~)r thr firnt hnlf rrll [)( Lhr funnrl, MIMI())F dlntrlhll[lon
,,/ [hr hunch wIt.hIn thr npvrturr AS Ihr ●YIIChrIIn,IUN
Imrtlrlr Imwwa d,)wn the twMmlIne, II w,I,* !ho lMIICS Ii~)* Nt
•vllllll~”llll’ lmlnlllilllm nmLllr Ifk’ Vldlnlw l~ilwwi Ihfllllt(tl /1,111 Ill

“l”AIJI.H 11 Ileum t’~rnme~m

p.&!J outDu\
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